Carotenoid pigments can directly enhance the immune responses of vertebrates, and they are used by many animals to create ornamental color displays. It has been hypothesized that these two functions of carotenoid pigments are linked: animals must trade off use of carotenoid pigments for immune function versus ornamental display. We tested two key predictions of this hypothesis with captive American goldfinches, Carduelis tristis, a species with extensive carotenoid-based plumage coloration. First, we tested whether the immune systems of male goldfinches are carotenoid limited during molt by supplying treatment groups with low, approximately normal, or high dietary access to lutein and zeaxanthin. Dietary treatment had a significant effect on plumage and bill color but not on immunocompetence. We compared the cell-mediated and humoral immune responses and the course of disease after infection for males in the different treatments. We observed no significant effect of the carotenoid content of diet on immune response or disease resistance. Second, we tested whether there was a positive relationship between immune function and expression of ornamental coloration by comparing both the pre-and posttreatment plumage coloration of males to their immune responses. We failed to find the predicted trade-off between ornament display and immune function. These findings do not support the hypothesis that songbirds with extensive carotenoid-based plumage displays trade off the use of carotenoids for ornamentation versus immune function.
M
any of the brilliant red, orange, and yellow color displays of vertebrates are the result of carotenoid pigments deposited in the integument. Unlike other biological pigments, carotenoids cannot be synthesized de novo by animals; they have to be obtained from the diet (Goodwin, 1984; Völker, 1938) . Thus, carotenoid-based color displays reflect the amount and types of carotenoids that individuals ingest (Grether et al., 1999; Hill, 1992 , which could, in turn, signal the foraging and competitive ability of individuals (Hill, 2002) . Ingestion of quantities of appropriate carotenoid pigments, however, does not guarantee maximum ornamentation. Independent of carotenoid access, animals in good nutritional condition produce brighter color displays than do those in poor nutritional condition (Frischknecht, 1993; Hill, 2000; Hill and Montgomerie, 1994) . A variety of parasites also depress expression of carotenoid-based color displays (Brawner et al., 2000; Hill, 2000; Houde and Torio, 1992; McGraw and Hill, 2000; Milinski and Bakker, 1990; Thompson et al., 1997) . Expression of carotenoid-based coloration, therefore, is dependent on several distinct agents of condition.
Carotenoid-based integumentary coloration has been found to be an important criterion in female choice for a number of species of birds and fish (Hill, 1999) , and a primary benefit of choosing brightly colored males is likely information about the foraging ability, nutritional condition, and parasite loads of prospective mates (Hill, 2002; Houde, 1997 ). An alternative explanation for carotenoid-based color displays is that they evolved because of the immunoenhancing properties of carotenoids (Lozano, 1994; Møller et al., 2000) . Carotenoids directly bolster the immune systems of vertebrates by stimulating effector T-cell function, enhancing macrophage and cytotoxic T-cell capacities, as well as stimulating T-and B-lymphocyte proliferation (Bendich, 1989; Chew, 1993; Jyonouchi et al., 1994) . Furthermore, carotenoids act as free radical scavengers that ''mop up'' the free radicals produced during daily metabolic and immunological functions (Burton, 1989; Machlin and Bendich, 1987) . If animals with carotenoid-based color displays have immune systems that are carotenoid limited, then potential immunological benefits would be forfeited when carotenoids are used for the production of ornamental displays instead of immune enhancement. Individuals in better condition would have less need to use carotenoids for immune function and could, therefore, deposit more carotenoid pigments into the integument. In this way, females could assess male quality based on the size or color of the ornamental display.
This carotenoid-immunocompetence trade-off hypothesis has not been tested directly in a species with extensive carotenoid display (for review, see Hill, 1999; Møller et al., 2000) . Previous studies have found that parasitic infection has a suppressive effect on expression of carotenoid-based ornamentation (Brawner et al., 2000; Hill, 2000; Houde and Torio, 1992; McGraw and Hill, 2000; Milinski and Bakker, 1990; Thompson et al., 1997; Zuk et al., 1998) and, likewise, that degree of carotenoid ornamentation can act as a signal of lower parasite loads (Bletner et al., 1966; Ruff et al., 1974) . A positive relationship has been found between intensity of carotenoid-based coloration and various measures of immune function (Dufva and Allander, 1995; Figuerola et al., 1999; Merilä et al. 1999 ; but see Birkhead et al. 1998; Bortolotti et al. 1996; Seutin, 1994; Skarstein et al. 2001; Weatherhead, 1990; Weatherhead et al. 1993 ; for review, see Møller et al., 1998; Shykoff and Widmer, 1996) , and carotenoids have been found to have immuno-enhancing effects in mammals (Bendich, 1989; Bendich and Shapiro, 1986; Chew, 1993 Chew, , 1996 Jyonouchi et al., 1994; Mortensen et al., 1997) , fish (Christiansen et al., 1995) , and chickens (Lawlor and O'Brien, 1995a,b; Tengerdy et al., 1990) . These studies have been taken as evidence that carotenoid-based ornaments signal a direct trade-off between use of carotenoids for immune function and use of carotenoids for visual displays (Lozano, 1994; Møller et al., 2000b) . However, none of these studies directly tests for such a color display/immune system trade-off. Although published studies suggest that carotenoid-based ornaments signal carotenoid access, nutritional condition, and parasite load (Hill, 1999 (Hill, , 2002 , clearly a direct test is needed of the hypothesis that the immune systems of animals with extensive carotenoid displays are carotenoid-limited and, if this is the case, that there is a trade-off between the use of carotenoids for immune enhancement and use of carotenoids in color displays.
In the present study, we tested two key predictions of the carotenoid-immunocompetence trade-off hypothesis in the American goldfinch, Carduelis tristis, a sexually dichromatic songbird with extensive carotenoid-based yellow plumage coloration. The yellow plumage coloration of male goldfinches is a condition-dependent signal of male quality (McGraw and Hill, 2000) used by females in mate choice ( Johnson et al., 1993) . We held males in treatment groups that were fed either low, approximately normal, or high doses of the carotenoid pigments lutein and zeaxanthin, the primary pigments used by American goldfinches to produce yellow plumage pigments (McGraw et al., 2002) . In May, during mid-molt, when there is active shuttling of carotenoid pigments into the integument, we subjected these goldfinches to a humoral immune challenge, a cell-mediated immune challenge, and to infection by a pathogen. We then assessed two key predictions of the carotenoid-immunocompetence trade-off hypothesis. First, we tested whether the immune systems of male goldfinches are carotenoid-limited during the molt period. Second, we looked for the predicted trade-offs between the use of carotenoid pigments for ornament display and use of carotenoid pigments for immune defense by assessing the relationship between pre-and postplumage coloration and immune function for males held in lowcarotenoid environments.
METHODS

Experimental design
In February 2001, we captured American goldfinches in Lee County, Alabama, and determined the age and sex of the birds following the method of Pyle et al. (1987) . American goldfinches are small sexually dimorphic passerines. Males exhibit a carotenoid-based bright yellow throat patch and a black melanin cap. Females are almost completely olive in color. We kept only yearling males to minimize preexposure to the pathogens used in this study. All birds were examined for signs of mycoplasmal conjunctivitis, as well as any other signs of avian disease, such as pox. Seventy-two healthy males were divided into groups of 24. These birds were then housed in three separate cages and quarantined for a period of 1 month. During this time, we carefully monitored the birds for signs of disease. Three of the birds displayed suspect behavior and were excluded from the study on day 2. Collection of the goldfinches took place when plumage dichromatism between males and females is subtle. As a result, eight of the 72 collected birds were later recognized as females and were excluded from the analysis.
Throughout the course of the study, we maintained the birds on ad lib sunflower and thistle seeds, which contain a low level of carotenoid pigments (McGraw et al., 2002) . Water was supplemented with sulphadimethoxine (0.12 g/L water), to suppress Isosporan coccidiosis, an ubiquitous disease of goldfinches that will quickly kill aviary birds (McGraw and Hill, 2000) . Beginning in March and continuing to the end of the experiment, we supplemented the bird's only source of water with one of three doses of dissolvable carotenoids: a low treatment (0.01 g/L water), a medium treatment (0.1 g/L water), or a high treatment (1.0 g/L water). Each treatment group contained 24 birds. The seeds that are commonly consumed by American goldfinches (e.g., thistle) contain lutein and zeaxanthin in a 70 : 30 ratio (McGraw et al., 2002) , so we provided these carotenoids in this ratio to birds in the form of dissolvable starch-gel beadlets (supplied by Roche Vitamins Inc., Parsippany, New Jersey, USA). No data exist on the carotenoid contents of the diets of wild American goldfinches, so we estimated the concentration of carotenoids that would likely be consumed based on the quantities of carotenoids in the diets of house finches and based on the responses of American goldfinches to previous feeding experiments (McGraw et al., 2002; Mcgraw and Hill, 2001) . The difference in plumage and bill color grown by males on the three treatments (see results) suggests that we tested immune function over an appropriate range of carotenoid doses. After they had been maintained on these carotenoid treatments for 3 months (March-May), we presented all goldfinches with three immunological challenges.
Sheep red blood cell assay for humoral immune response A challenge of the humoral immune response was performed in early May, when the birds were approximately midway through the molting process. To assess the humoral immune response, all goldfinches were inoculated intraperitoneally with 0.5 ml of a 5% sheep red blood cells (SRBCs) (Colorado Serum Company, Denver, Colorado, USA) in phosphatebuffered saline (PBS). Cells were washed twice in PBS and resuspended to the desired concentration. Antibodies produced in response to the SRBCs were quantified after 2 weeks by taking 50 ll of blood from the brachial vein and performing a standard hemagglutination assay (Hay and Hudson, 1989) . Although all birds were subjected to this test, only 41 samples were used for the hemagglutination assay owing to technical difficulties in the laboratory. In short, 20 ll plasma was serially diluted in 20 ll PBS (1 : 2 . . . 1 : 1024) in 96-well v-bottom plates. Wells 11 and 12 served as negative and positive controls and did not contain any plasma. Instead, these wells were loaded with 20 ll PBS or 20 ll antisheep hemolysin (Colorado Serum Company, Denver, Colorado, USA), respectively. Next, 20 ll of a 2% SRBC suspension in PBS was added to each well. The plates were incubated at room temperature for 24 h. Finally, wells containing plasma samples were compared to positive and negative controls. Antibody titers were expressed as the log 2 of the highest dilution of plasma containing hemagglutination (Lochmiller et al., 1993) .
Phytohemagglutinin skin test for cell-mediated immune response Phytohemagglutinin (PHA) is a known T-cell stimulant in passerine birds (Goto et al., 1978) . Therefore, injection of this antigen results in swelling around the injection site within 24 h. A week after the completion of the SRBC challenge, the response of T lymphocytes in American goldfinches was tested by using the standard protocol for avian species (Goto et al., 1978) . A 1-cm patch on the left mid-patagium was cleared of feathers. Two measures of thickness were taken by using a pressure-sensitive digital micrometer (accuracy ¼ 0.05 mm). The bare skin was swabbed with alcohol, and 20 lg PHA in 20 ll PBS was injected subcutaneously by using a 27-gauge needle. Injection dosages were extrapolated according to weight from the amounts used in a variety of passerine species in a study by Smits and Williams (1999) . Two measurements of wing-web thickness were taken after 24 h to assess swelling. For this study, only the left patagium was used, because this decreases the handling time and the probability of error compared with that of the injection and measurement of both the left and right side (Smits and Williams, 1999) .
Inoculation and disease resistance Mycoplasma gallisepticum (MG) is a well-known pathogen that causes respiratory disease in poultry and is the causative agent for a recent epidemic of mycoplasmal conjunctivitis in house finches (Carpodacus mexicanus) (Ley et al., 1996) . American goldfinches with the disease are also observed in the wild (Hartup et al., 2001 (Hartup et al., , 2000 , and they develop conjunctivitis when exposed to MG in aviaries.
In late May (after completion of the PHA challenge), during the second half of molt, we inoculated all captive goldfinches intraorbitally with 5 ll of MG isolate cultured from wild house finches. MG was introduced to each eye in a drop-wise fashion (Farmer et al., 2002) . After inoculation, all birds were caught and scored daily for degree of conjunctivitis on a seven-point scale: zero indicating no signs of conjunctivitis; seven, maximal swelling of the conjunctiva. All scoring was performed by the same investigator to minimize interobserver error. To test the effects of carotenoid limitation on immune function, we examined the progression of this disease for all birds within the treatments. When assessing the relationship between plumage coloration and disease resistance, we used time to an infection level of three, the maximum state of infection reached by all males, which is characterized by a red swollen conjunctiva.
Color measurements
We scored carotenoid-based pigmentation of plumage and bill of males both at the time of capture and after they had completed molt in captivity by using a Colortron reflectance spectrophotometer (Light Source, San Rafael, California, USA) (Hill, 1998) . The Colortron provides tri-stimulus color descriptors (hue, saturation, and brightness), and we used saturation to compare the plumage coloration of males in the different treatment groups (see McGraw and Hill, 2000) because this is the color dimension that varies most among male goldfinches and is the aspect of color that appears to be the object of female choice ( Johnson et al., 1993) .
RESULTS
Males in different treatment groups did not differ in premolt plumage saturation (df ¼ 2,57, F ¼ 2.60, p ¼ .835 ANOVA). By late June, all birds had molted into a characteristic yellow nuptial coloration, and males in the different treatment groups differed significantly in the saturation of both their plumage (df ¼ 2,51, F ¼ 3.3, p ¼ .04 ANOVA) and bill coloration (df ¼ 2,51, F ¼ 14.60, p , .01 ANOVA). A posteriori paired comparisons indicated that the plumage of males in the low-carotenoid group was significantly less saturated than was the plumage of males in the medium-or high-carotenoid groups, but the plumage saturation of males in the medium and high group were not significantly different (low-medium: p ¼ .02, low-high: p ¼ .02, medium-high: p ¼ .96 Fisher PLSD) ( Figure 1A ). In addition, the highcarotenoid group had significantly more saturated bills than did the medium-and the low-carotenoid groups (lowmedium: p ¼ .14, low-high: p , .01, medium-high: p , .01 Fisher PLSD) ( Figure 1B ).
We found no evidence that the immune systems of American goldfinches were carotenoid-limited. Male goldfinches maintained on the different carotenoid dietary treatments responded similarly to the PHA challenge (df ¼ 2,62, F ¼ 0.57, p ¼ .57, repeated-measure ANOVA, power ¼ 0.8 to detect an effect less than 0.05 mm) (Figure 2A ). There was no indication that males in the low-carotenoid groups had a compromised T-cell response compared with that of males in the high-carotenoid group. Male in the different treatment groups also responded similarly to the SRBC antigen, regardless of dietary treatment ( Figure 2B ) (df ¼ 2,36, F ¼ 0.91, p ¼ .41 ANOVA, power ¼ 0.8 to detect a titer difference greater than 0.65). Birds from the high-carotenoid treatment had a slightly elevated antibody titer compared with the other treatments, but this difference was not statistically significant (low-high: p ¼ .27, medium-high; p ¼ .21 Fisher PLSD). The PHA response did not relate to the SRBC response in this study (df ¼ 36, F ¼ 2.34, p ¼ .14).
Males in the different treatment groups also showed very similar and statistically indistinguishable course of infection after exposure to MG. At day 1 after inoculation, almost all birds showed signs of mild conjunctivitis. Within 5 days, most had progressed to a symptom score of five. By day 14, 36% of the birds showed signs of recovery from the disease. A repeated-measure ANOVA revealed a significant difference Effects of access to carotenoid pigments during molt on the mean 6 SE saturation of yellow plumage (A) and orange bill (B) of captive male American goldfinches. Carotenoids (70% lutein and 30% zeaxanthin) embedded in starch gel beadlets were dissolved in the bird's drinking water at the following concentrations: low treatment, 0.01 g/L water; medium treatment, 0.1 g/L water; and high treatment, 1.0 g/L water.
for disease progression over time for the entire group (df ¼ 2,49, F ¼ 97.09, p , .01), illustrating that the birds did, in fact, respond to the pathogen. However, there was no significant difference in disease progression between the dietary treatments (df ¼ 2,49, F ¼ 0.51, p ¼ .60, power ¼ 0.8 to detect a difference in disease level greater than 0.84) (Figure 3 ). The progression of this disease did not relate to either the humoral (df ¼ 36, F ¼ 0.80, p ¼ .38) or the cell-mediated (df ¼ 54, F ¼ 0.43, p ¼ .52) immune responses, and the two immune responses did not relate to one another (df ¼ 36, F ¼ 2.33, p ¼ .14). These results suggest that we examined three distinct measures of immunocompetence in this experiment, and that none of these aspects of immunocompetence is affected by dietary access to carotenoid pigments.
To test directly for an ornament-immunocompetence tradeoff, we compared the plumage brightness of males to each immune challenge. We compared immune responsiveness to three different measures of plumage coloration: coloration at the time of capture, coloration after captive molt on carotenoid treatment and exposure to a pathogen, and change in plumage coloration from time of capture to completion of captive molt. Because the color scores indicated carotenoid limitation within the low-carotenoid treatment group, we restricted our analysis to males on the low-carotenoid diet.
Within males in the low-carotenoid group, regardless of the plumage color measure that we used, we found no evidence for a trade-off between use of carotenoid pigments for ornament display and use of carotenoids for immune response. There was no significant relationship between cellmediated immune response (r s ¼ ÿ.04, n ¼ 18, p ¼ .87), humoral immune response (r s ¼ ÿ.34, n ¼ 14, p ¼ .23), or resistance to infection by MG (r s ¼ .13, n ¼ 19, p ¼ .59) and plumage coloration at the time of capture (Figure 4) (Figure 4) . Plumage color scores indicated that the low-carotenoid treatment group was carotenoid-limited, and it was in this group that we expected to see the clearest trade-off between use of carotenoids for ornament display and use of carotenoids for immune defense. We also made the same comparison between plumage coloration and immune response for males in the mediumand high-carotenoid supplement groups. We found no significant relationship between any measure of color and any measure of immune response.
Negative results are only convincing if the tests conducted have adequate power for statistical comparisons to indicate significant differences if such differences exist. ''High'' power is a subject of discussion, but a convention of 0.8 has been suggested in the literature (Cohen, 1992) . The effect sizes detected with a power of 0.8 for each of the tests are included in the individual analyses above. Although current literature does not clearly define an effect size that would be biologically Immune responsiveness in relation to dietary intake of carotenoid pigments by captive male American goldfinches: cell-mediated immune response to injection with phytohemagglutinin (mean 6 SE pre and postinjection patagium swelling) (A) and humoral immune response to SRBC injection (mean 6 SE antibody titer) (B). Antibody titer was calculated as the log 2 of the highest dilution of plasma containing hemagglutination during the hemagglutination assay. Concentrations of carotenoids in the three treatment groups are given in Figure 1 .
Figure 3
Effects of access to carotenoid pigments during molt on mean 6 SE progression of mycoplasmal conjunctivitis in captive male American goldfinches. Symptoms of disease, from no swelling of the conjunctiva to maximum swelling in both eyes, was scored on a seven-level scale. Concentrations of carotenoids in the three treatment groups are given in Figure 1 . meaningful for each of these immunological challenges, the effect sizes presented here are not large in the context of these specific immunological parameters, and our conclusions are rather conservative.
DISCUSSION
The hypothesis that carotenoid-based color display reflects a trade-off between use of carotenoid pigments for immune response and use of carotenoid pigments for integumentary display hinges on two key assumptions. First, it requires that the immune systems of animals with extensive carotenoidbased ornamental traits are carotenoid-limited. Second, it requires that individuals trade off the use of the carotenoids for color display versus use of carotenoids for immune response, such that highly ornamented males are signaling their lower dependency on immune-bolstering carotenoids and, hence, the superior nature of their immune function. We failed to find support for either of these assumptions.
First, we found no evidence that the immune systems of male American goldfinches were carotenoid-limited during molt of yellow ornamental feathers. Goldfinches in the lowcarotenoid treatment group were carotenoid-limited in terms of the carotenoids needed for ornament display, as indicated by the brighter plumage developed by males in the high-and medium-versus low-carotenoid treatment groups. Nevertheless, individuals in the three carotenoid treatment groups did not differ significantly in antibody response to the SRBC challenge (humoral immune response), in wing-web swelling in response to PHA skin challenge (cell-mediated immune response), or in progression of mycoplasmal conjunctivitis after exposure to MG. Because carotenoids have been implicated as stimulants of both B-and T-cell proliferation (Bendich, 1989; Bendich and Shapiro, 1986; Chew, 1993 Chew, , 1996 Olson and Owens, 1998; Ziegler, 1989) , if American goldfinches have immune systems that are carotenoid-limited, then in groups supplied with more dietary carotenoids, we would have expected to see more antibodies produced in Figure 4 The relationship between saturation of yellow plumage coloration and immune response in captive male American goldfinches maintained on low-carotenoid diets (see Figure 1 for types and concentrations of carotenoids). Immune defenses were measured as days to level three mycoplasmal conjunctivitis infection (column 1), humoral immune response (antibody titer) to SRBC (column 2), and cell-mediated immune response (patagium swelling) to phytohemagglutinin (column 3). Three measures of plumage saturation were examined: plumage saturation at capture (natural ornamental coloration) (row 1), posttreatment plumage saturation (row 2), and the change in plumage saturation from capture to postmolt (row 3).
response to a foreign antigen and more swelling, indicative of a larger cell-mediated immune response. The lack of differences among groups indicates that B-and T-cell proliferation or function and the ability to fend off a pathogen is not carotenoid-limited in this species.
We should be clear that these observations are not evidence that passerine birds such as the American goldfinch do not use carotenoid pigments as antioxidants and benefit from the free-radical scavenging properties of these molecules. Rather, our observations indicate that the immune systems of male goldfinches are not carotenoid-limited, likely because high levels of carotenoid pigments are mobilized in the bodies of the birds for ornamental displays (Hill, 1999) . If very small amounts of carotenoids are needed to bolster immune function, there will be no limitation in animals with an abundance of circulating plasma carotenoids.
The second critical assumption of the carotenoid-immunocompetence trade-off hypothesis is that there is a relationship between immune response and plumage coloration. We tested this assumption in three ways because the predictions relative to male plumage coloration and immune response are somewhat ambiguous. Moreover, we limited our analyses to males in the low-carotenoid treatment group because differences in plumage color indicate that this is group in which the males would be the most carotenoid-limited and in which the clearest trade-off would be expected. First we looked at the relationship between coloration of males at the time of capture-the natural ornamentation of males-and immune response. The carotenoid-immunocompetence trade-off hypothesis posits that males are signaling their immunocompetence through their carotenoid-based color display, so males with brighter plumage in the wild should have better innate immune systems than drabber males. We found no support for this idea. Males that had brighter premolt plumage coloration did no better than did drab males by any measure of immune response. Second, we looked at the plumage coloration that males produced during molt on the lowcarotenoid treatment. Assuming that all males are dealing with the same challenges and abilities, we predicted that drabber males would have higher immune responses than would brighter males because the latter group have traded off immune protection for ornament display. We found no evidence for this trade-off. Finally, because we suspected that males comprising the flocks differed in their innate immune abilities and hence their need for carotenoid enhancement of their immune systems, we subtracted the preexperiment plumage scores of males (a measure of quality) from their postexperiment scores and looked at how the change in plumage score compared with immune response. Again, we found no relationship indicating that even when we adjusted for male quality, individuals did not trade off use of carotenoids for immune defense and use of carotenoids for ornamental coloration. We chose to supplement these goldfinches with two yellow xanthophylls, lutein and zeaxanthin, based on the composition of thistle seeds (a major dietary component). Although the diets of goldfinches are by no means limited to these carotenoids, these two are extremely prevalent in a variety of plants and are the primary precursor carotenoids for the yellow pigments that are responsible for the bright yellow throat-patch in male goldfinches (McGraw et al. 2002) . Therefore, these are the most relevant pigments to examine when looking for an ornament-immunocompetence trade-off in American goldfinches.
A variety of parasites have been shown to depress expression of carotenoid-based ornaments, and in some cases, animals expressing more extensive carotenoid-based ornamentation have lower parasite loads and higher measures of immune function (Bletner et al., 1966; Ruff et al., 1974) . Furthermore, carotenoids have been found to have direct effects on immune function in a variety of species (Bendich, 1989; Bendich and Shapiro, 1986; Chew, 1993 Chew, , 1996 Olson and Owens, 1998; Ziegler, 1989) . However, with a few exceptions, evidence is lacking to show that variation in immunocompetence among males is responsible for the variation in expression of carotenoid ornamentation.
The carotenoid-immunocompetence trade-off hypothesis is seductive because it links parasites, carotenoids, and immunocompetence. In previous studies, positive relationships have been observed between degree of carotenoid-based ornamentation and various measures of immune function (Dufva and Allander, 1995; Figuerola et al., 1999; Lindström and Lundström, 2000) , and this evidence suggests that carotenoid-based ornaments are condition-dependent. However, this condition dependence does not require a direct immune-ornament trade-off. Although the current literature demonstrates links between carotenoids and the immune system as well as between parasite loads and carotenoid-based ornamentation, the present study is the first direct test of an actual trade-off between use of carotenoids for ornamentation and use for bolstering the immune system.
Finally, most of the data directly illustrating the role of carotenoids in immune function come from animals that lack carotenoid-based ornamental display (Bendich, 1989; Chew, 1993; Haq et al., 1996; Lawlor and O'Brien, 1995a; McWhinney and Bailey, 1989; Saino et al., 1999; Tengerdy et al., 1990) . Many of these animals naturally have diets with much smaller quantities of carotenoids than do animals with carotenoidbased color displays (Gray, 1996; Hill, 1999) and, hence, have much lower levels of circulating carotenoid pigments (Hill, 1999) . Indeed, the amount of carotenoids that we provided to male goldfinches in our low-carotenoid treatment would have been a substantial carotenoid supplement for many mammals (Hill, 1999 and references therein). Thus, although carotenoids may provide a beneficial immunoenhancing effect for all vertebrates, and some taxa with low-carotenoid diets may be limited in immune ability by lack of carotenoids, our observations indicate that the immune systems of American goldfinches, a species with extensive carotenoid-based color displays and high-carotenoid diets, are not carotenoid-limited, and we find no support for the idea of an ornamentimmunocompetence trade-off within this species.
